In addition, recent reports have claimed that DNA can be retrieved from paleontological finds that are millions of years old (1). However, because only a minority of ancient specimens contain amplifiable ancient DNA (S), false positives resulting from minute amounts of contaminating DNA pose a serious threat (6, 7) . Although several ways to authenticate ancient DNA have been suggested (2, 6.8) , the field is in need of techniques that can indicate whether a particular ancient specimen may contain endogenous nucleic acids.
All amino acids used in proteins, with the exception of glycine (Gly), can exist in the form of two optical isomers, the D-and L-enantiomers, of which the L-enantiomer is used exclusively in protein biosynthesis. Once isolated from active metabolic processes, the L-amino acids undergo racemization to produce D-amino acids until eventually the L-and D-enantiomers of a particular amino acid are present in equal amounts. The rate at which racemization takes place differs for each amino acid and is dependent on the presence of water, the temperature, and the chelation of certain metal ions to proteins (9) . Racemization is thus affected by some of the same factors that affect depurination of DNA, the major hydrolytic reaction responsible for the spontaneous degradation of nucleic acids (117). The racemization of aspartic acid (Asp), which has one of the fastest racemi~a t i o n rates, has an activation energy and rate constants over a wide temperature rana,c (at neutral pH) that are similar to those for DNA deuurination (10.
test ahether the extent of amino acid racemization is a useful indicator of the extent of DNA degradation in ancient specimens, we examined archaeological specimens irom which DNA sequences have been retrieved (12). In order to ensure as far as ~ossible 'that the samples used yield genuinely ancient DNA, we limited our analysis to nine cases that fulfill a number of criteria of authenticicy (2, 6, 8 ) and we excluded human remains because of the inherent difficulty of recognizing contamination from contemporary humans (2, 6, 8) . We also analyzed 17 samples, including some human $amples, from which no ancient DNA sequences could be amplified.
No DNA sequences could be retrieved from samples in which the D/L Asp ratio was higher than 0.08 (Table l) , whereas all samples with D/L ratios below 0.08 yielded DNA sequences. Furthermore, there was a rough relation between the extent of Asp racemi-ation and the length of the retrievable DNA sequences (Fig. 1) tion. However, of the nine samples that
;f the racemizatidn half-lives of Asp reported for bone in various climatic regimes (9), the finding that an Asp D/L ratio of about 0.1 is the limit for the retrieval of useful DNA sequences implies that the survival of DNA is limited to a few thousand years in warm regions such as E~p t and to roughly 10' years in cold regions. Such temporal limits for DNA retrieval are similar to those predicted from labrator). experiments ( 10).
Aspects of amino acid preservation other than racemiration do not show any correlation with DN.\ rreservation (14).
Because the rasimisation of AS; is faster than that of other amino acids (9. 11).
. . ..
the extent of racemi~ation of Asp, among the amino acids analced here. should be the grearest, follotved by alanine (Ala) and lcucine (Leu), if all amino acids are of the same age. In contrast, a D/L ratio for Asp that is lower than that for Ala or Leu indicates contamination by more recent amino acids. For the samples tiom which ancient DNA sequences could be retrieved (Table  I) , the extent of racemiration of Asp was always greater than that for Ala and Leu, however, no authentic DNA sequences could be retrieved horn samples in which the racemization of amino acids did not follow this pattern. Thus, amino acid racemization provides a way to identi$ the large majority of ancient samples that are not expected to yield any ancient DNA. The usefulness of this technique is enhanced by the fact that samples of only a few milligrams are sufficient for the analysis, and the results can be obtained in only a few days. Ancient DNA sequences that are purportedly millions of years old have been reported from dinosaur bones, Miocene plant fossils, and amber inclusions (4) from which DNA sequences were reported (4) is 0.21, and is thus higher than for remains from which endogeneous DNA has been extracted (Table 2) . Moreover, Ala is more racemized than Asp, an indication that the amino acids present in this specimen are a mixture of different ages. The poor preservation of the amino acids implies that no endogenous DNA should remain in this sample, which is in agreement with earlier results (7) . The D/L Asp ratio of a Tyrannosaurus rex bone found in Montana (4) was 0.23, and Ala was more extensively racemized than Asp. Two dinosaur specimens from Antarctica, a cold depositional environment, also indicate substantial racemization as well as the presence of concaminating amino acids (Table 2) . Thus, the prospects of retrieving DNA sequences from dinosaur fossils seem bleak. Chloroplast DNA sequences have been reported from the approximately 17-million-year-old Clarkia deposit in Idaho (4).
However, these resula have been questioned (6) (7) (8) . The amounts of Asp in the fossils are so low for several of the specimens that either the L or the D forms of Asp, or both, could not be accurately determined (Table 2 ) (15). However, both Dand L-Ala were detected, and in all cases, the DL ratio for Ala was over 0.15, indicating extensive racemization. This result is consistent with the results of analyses of the preservation of lipids and other biopolymer ble 2) was close to what is caused by the (16) in Clarkia fossils, which indicate exhydrolysis procedure, an indication that littensive microbial degradation. tle or no racemkation has taken place. BeThe extent of racemization in some repcause the amino acid concentration of the resentative insects in amber and copal (Tasurrounding amber matrix is substantially Table 2 . Racemization of Asp, Ala, and Leu i n paleontological samples from some of which DNA sequences have been reported. Samples for which the D/ L ratios were difficult to determine because quantities of amino acids were too small are indicated as ND (20) . The Utah and Montana dinosaur samples are identical to those from which DNA sequences have been reported (4) or in which the presence of DNA has been reported in the press. The Clarkia and amber specimens were similar to samples from which reported DNA sequences (4) Table 1 . The extent of racemization of Asp. Ala. and Leu and DNA arnplifi-ples primers for an 87-bp fragment of the mitochondrial control region were ability for 26 archaeological and paleontological samples. DNA was extracted, used. I n all cases i n which no DNA could be amplified, extractions were amplified, and sequenced as described i n the references. Brietly, for nonhu-performed as in (18) Elster, E. Gil-Av. S. Weiner, J. &cheol. Sci. 18,605 (1991) l. However, DNA could be extracted both from bones in which collagen was preserved according to this criterion and from some in which it was not.
15, Onty minute amornts of amino acids were present in these samples, and these values were not significantly different from thase in the surrounding sediment. As a result, the DA ratios fot Asp could not be determined in most cases. The presence of bacterial
